The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that plays a role as an intracellular mediator of the xenobiotic signaling pathway. AhR is a nucleo-cytoplasmic shuttling protein mediated by nuclear localization signals (NLS) and nuclear export signals (NES). Protein kinase C-mediated phosphorylation of NLS inhibits the ligand-dependent nuclear import of AhR, suggesting a two-step mechanism of nuclear import. Cell density regulates AhR intracellular localization, due to modulation of nuclear export activity. The p38 mitogenactivated protein kinase (MAPK)-mediated phosphorylation of NES and its dephosphorylation, regulated by cellcell contact signals, may have pivotal roles in the novel AhR relocalization.
INTRODUCTION
Mammalian cells contain a variety of receptors that can bind and respond to toxic chemical compounds present in the environment. They include steroid hormone receptors, orphan nuclear receptors such as the constitutive active receptor (CAR) and steroid and xenobiotic receptor (SXR), and the PER-ARNT-SIM homology region (PAS) family of the transcription factor aryl hydrocarbon receptor (AhR). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is one of the most potent toxic contaminants in the environment; it induces various biological effects on animals, including humans, at low-dose levels. These effects include carcinogenicity, teratogenicity, and immunotoxity, and it is possibly toxic to reproductive health. 1, 2) At present, two molecular mechanisms of AhR-mediated TCDD toxicity are known: the AhR-AhR nuclear translocator (ARNT) heterodimer binds directly to the xenobiotic-responsive element (XRE) in the promoter of target genes, resulting in the activation of expression of genes such as CYP1A1 3) ; or alternatively, it functions in coactivator-like fashion by molecular interaction with nuclear receptors, such as estrogen receptor α, without direct binding to the XRE. 4) Since liganddependent nuclear import of AhR seems to be the first step in the induction of target genes, elucidation of the molecular mechanism underlying the nuclear translocation is vital for understanding not only TCDD toxicity but also the physiologic function of AhR. In this paper, we briefly review the regulation of nucleo-cytoplasmic transport of the AhR.
Signals Responsible for Intracellular Localization of the AhR
The nuclear localization signal (NLS)-dependent nuclear import of proteins depends on cytosolic factors, and can be separated into two steps. The first step is an energy-and temperature-independent targeting of the nuclear pore mediated by importins α and β; the second step is an energy-and temperature-dependent nuclear translocation through the nuclear pore mediated by Ran-GDP and p10. 5, 6) On the other hand, the nuclear export signal (NES) has been defined as a short sequence of a leucine-enriched amino acid motif, and NES-dependent nuclear export is mediated by chromosome region maintenance 1 (CRM1) in concert with Ran-GTP. 5, 6) We identified both the NLS and NES of the AhR, Fig. 1 . 7) We allocated the AhR-NLS to amino acid residues 13 to 39, with the bipartite core overlapped by domains of DNA or HSP90 binding. Resistance to TCDD toxicity in mice carrying a mutation in the NLS has recently been reported, 8) as it has in the AhR-knockout mouse. 9) We also identified an AhR-NES composed of amino acid residues 55 to 75 in helix 2, the hydrophobic core involved in heterodimer formation with ARNT. Using these two signals, the AhR shuttles between the cytoplasm and the nucleus of a cell, 10) and the shuttling activity is inhibited by leptomycin B (LMB), a specific inhibitor of nuclear export. In addition, the ARNT-NLS in the range from 39 to 61 amino acid residues was also identified.
11)
Regulation of Nuclear Import of the AhR (1) Phosphorylation of AhR-NLS Inhibits LigandDependent Nuclear Import of the AhR
In general, intracellular localization of nucleocytoplasmic shuttling proteins is determined by the balance between nuclear import and export activity. Phosphorylation or dephosphorylation, especially close to the NLS or NES, frequently regulates the intracellular distribution of such proteins, resulting in spatial and temporal specific gene regulation. 12) Two protein kinase C (PKC) sites of Ser-12 and Ser-36 are observed one amino acid upstream from each of the two basic amino acid segments of the NLS ( Fig. 1 ), AhR(13-16:RKRR) and AhR(37-39:KRH), and we found that the ligand-dependent nuclear import of AhR is inhibited by substitution of aspartic acid for Ser-12 (S12D) or Ser-36 (S36D), which mimics the negative charge of phosphorylation. This observation was supported by microinjection analysis, an in vitro nuclear transport assay, and luciferase reporter assay. From these results, it is likely that the NLS of AhR constitutes a phosphorylation-mediated regulatory module of nuclear localization, and phosphorylation of NLS appears to lead to a decreased association between NLS and importin α.
13) (2) Two-Step Mechanism of Ligand-Dependent Nuclear Import of the AhR
Mutants of the AhR which mimic the phosphorylated form of AhR-NLS have abrogated nuclear import activity in the presence of ligand, while mutants of the AhR which mimic the dephosphorylated NLS also have no nuclear localization activity without ligand. Based on these results, we can envisage a two-step mechanism of ligand-dependent nuclear import of the AhR, as shown in Fig. 2 . 13) In the absence of ligand, the AhR is associated with a complex of Hsp90, p23, and XAP2 and resides predominantly in the cytoplasmic compartment. 14, 15) The steric hindrance masking of AhR-NLS through two molecules of Hsp90 is essential for cytoplasmic retention of the AhR. The first step is ligand binding to the AhR, which makes it necessary to facilitate interaction of the NLS with nuclear import components. 7, 14, 15) The second step is the phosphorylationregulated nuclear import process, in which the phosphorylated NLS abrogates the ligand-dependent nuclear import, while the dephosphorylated NLS promotes it sufficiently to interact with NLS receptors, followed by nuclear import. The AhR then rapidly accumulates in the nucleus and is followed by heterodimerization with ARNT for transcription. The presence of this motif in the AhR suggested that it might be crucial for the regulation of AhR activity. Mutation of the motif at AhR(50-54) (NR1), which is localized between the NLS and NES in helix 1 (Fig. 1) , promotes the efficiency of nuclear localization in the absence of ligand, without altering HSP90 and ARA9 binding or nuclear export activity; another LXXLL-motif at AhR(224-227) (NR2) does not affect the subcellular localization of the AhR. Thus it is likely that the LXXLL-motif of NR1 may contribute to subcellular localization through intra-or intermolecular interactions.
17)

Regulation of the Nuclear Export of the AhR (1) Cell Density Regulates Intracellular Localization of the AhR
Using the keratinocyte cell line HaCaT and immunohistochemical staining analysis, we found that cell density, but not cell cycle, influences the intracellular distribution of the AhR, with a predominant nuclear localization of the AhR in sparsely distributed cells, localization in both the nucleus and the cytoplasm in subconfluent cells, and predominant cytoplasmic localization in confluent cells. 18) Treatment with LMB resulted in increased nuclear accumulation of the AhR even with high cell density, suggesting that the novel AhR relocalization was due to altered nuclear export activity, and that both nuclear import activity and some potential endogenous ligands exist even when cells are confluent. Cell-to-cell communication of the HaCaT cells seems to be crucial in the cytoplasmic localization of the AhR with high cell density, since a clear nuclear localization of the AhR was observed in cells, where Ca 2+ -dependent cell-to-cell contact was disrupted by a low concentration of Ca 2+ . To observe the relation between AhR localization and function, a stable transfectant was isolated by introducing a luciferase gene fused with XRE. When the cells were grown to subconfluence, maximal luciferase activity was observed, but when the cells were further grown to confluence, the luciferase activity was decreased to the basal level. On the other hand, the expression levels of AhR and ARNT did not change under varying conditions of cell density. CYP1A1 was expressed at low cell densities, while involucrine, a specific differentiation marker of keratinocytes, increased gradually with increased cell density. Thus it is likely that the altered XRE-luciferase activity due to cell density resulted from a novel redistribution of the AhR without an altered expression level of the AhR.
In addition, a stable transfectant was also isolated by introducing a plasmid containing green fluoresecent protein (GFP) fused with XRE. The GFP was expressed clearly at low cell density and gradually diminished when the cells grew to confluence or superconfluence. We then carried out an experiment using an in vitro wound-healing model, and the results clearly suggest that XREmediated transcription is activated selectively at the wound edges, where the cells seem to be loosely associated. All of these results support the idea that XRE-mediated transcription is influenced by cell density, and that the AhR/ARNT system functions in this process.
(2) Phosphorylation of AhR-NES Inhibits the Nuclear Export of the AhR
Since density-dependent AhR relocalization may be due to a change in the regulation of the nuclear export of the AhR, we wanted to determine which amino acid residues of NES were important for the modulation of nuclear export. 18) We developed interest in Ser-68 and Ser-73 (Fig. 1) , since some transcription factors have Ser or Thr in their NES that is often phosphorylated in both the activated and inactivated forms. When injected into the nucleus, a mutant AhR with S73D retained nuclear export activity as well as the wild type did, while AhR with an S68D mutation was unable to pass through the nuclear pore and remained in the nucleus, suggesting that phosphorylation of Ser-68 inhibits nuclear export.
We produced a peptide antibody against AhR from 61 to 74, containing phosphoserine-68. The Ser-68 in the NES of the AhR was phosphorylated not only in the nuclei of livers of 3-methylcholanthrene (MC)-treated mice, but also in confluent HaCaT cells cultured with Dulbecco's modified Eagle's essential medium (DMEM), followed by further incubation with Ca 2+ -deficient S-MEM. A single band, which had a slower mobility shift than that of the AhR, was detected by anti-AhR(61-74)-pS68 antibody in cell extracts prepared from S-MEM, and this band was also recognized by the specific antibody to the AhR. These results led us to conclude that Ser-68 in the NES is phosphorylated in the nucleus.
(3) A Model for Cell Density-Dependent AhR Relocalization
The role of p38 mitogen-activated protein kinase (MAPK)-dependent phosphorylation of the NES in suppressing the nuclear export of the p53 19) or estrogen receptor α 20) has previously been reported. In this context, it is likely that the Ser-68 within the NES is the corresponding amino acid that is modified by the p38 MAPK. If the p38-mediated phosphorylation of AhR-NES participates in the cell density-dependent redistribution of the AhR, exposure to an inhibitor of p38 would result in altered subcellular localization of the AhR. To test this, cultured HaCaT cells in the subconfluent state, where AhR is distributed evenly in both the cytoplasm and the nucleus, were treated briefly with SB203580. We then observed a more cytoplasmic distribution of the AhR. In contrast, when treated with U0126, a MAP kinase-extracellular signal-regulated kinase (ERK) kinase (MEK) inhibitor of the ERK-dependent cascade, the subcellular localization of the AhR was not affected, and nuclear retention of AhR mediated by p38 MAPK was also supported by a reporter assay. In addition, we observed that the p38 MAPK was activated by the medium change from DMEM to calcium-deficient S-MEM after only 15 min with the HaCaT cells, followed by CYP1A1 induction. In contrast, when confluent HaCaT cells, where the AhR is distributed in the cytoplasm, were treated briefly with a protein phosphatase inhibitor of okadaic acid, a significant shift toward a more nuclear distribution of the AhR was observed. Thus the novel relocalization of the AhR was made more cytoplasmic by a p38 MAPK inhibitor, and more nuclear by a phosphatase inhibitor, suggesting that p38-dependent phosphorylation and its dephosphorylation may be involved in the novel relocalization of AhR caused by cell density.
In conclusion, it is likely that the cell densitydependent novel relocalization of the AhR can be explained by changes in the regulation of nuclear export which may include both phosphorylation of AhR-NES by p38-dependent MAPK for nuclear retention and its dephosphorylation regulated by cellcell contact signals for nuclear export. The balance of protein phosphatase and its inhibitor may play a pivotal role in regulating the intracellular distribution of AhR. A proposed model 18) for AhR relocalization is shown in Fig. 3 .
The expression of the AhR was specific to the cell type, organ/tissue, and the developmental stage, and intracellular localization of the protein was altered in a time-specific manner in mice embryos, suggesting that the ligand-activated transcription factor may be important in normal embryonic development. Since the regulated intracellular localization of transcription factor can serve as a biological switch in response to various signals, a novel relocalization of the AhR caused by cell density appears to be an essential event for the biological function of the AhR. Phosphorylation/dephosphorylation-dependent AhR movement in and out of the nucleus provides a simple, reversible, and rapid means to control responses to different environmen- 
